The hydrophobic interaction plays an essential role in various natural phenomena and industrial processes. Previous studies on the hydrophobic interaction focused mainly on the interaction between hydrophobic solid surfaces for which the effective range of hydrophobic attraction was reported to vary from ~10 nm to >1 μm. Here, we report studies of the interaction between an air bubble in water used as a probe attached to the cantilever of an atomic force microscope and partially hydrophobized mica surfaces. No bubble attachment was observed for bare hydrophilic mica but attachment behaviors and attraction with an exponential decay length of 0.8-1.0 nm were observed between air bubble and partially hydrophobized mica as characterized by a water contact angle on the mica surface that varied from 45° to 85°. Our results demonstrate the important roles of the additional attraction at partially hydrophobized surfaces and hydrodynamic conditions in bubble attachment to substrate surfaces, and provide new insights into the basic understanding of this interaction mechanism in various applications such as mineral flotation.
Introduction
The hydrophobic interaction between surfaces immersed in aqueous solutions refers to the additional long-range attraction that cannot be described by the classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability. [1] [2] [3] This extra interaction plays a key role in a variety of natural phenomena and industrial processes, such as low solubility of nonpolar solutes in water, 4 coalescence of oil drops in aqueous solution, 4 formation of micelles, [4] [5] selfassembly of hydrophobic nanoparticles, 6 protein folding 4, 7 and mineral flotation. 6, [8] [9] [10] [11] The basis of this interaction is generally attributed to an unfavorable entropy increase when nonpolar molecules that cannot form hydrogen bonding with water molecules, disturb the configuration of hydrogen bonds network of nearby water molecules. 4, [12] [13] However, the detailed mechanism of the hydrophobic interaction as well as the precise range and magnitude of such interaction between extended surfaces is still under debate. [14] [15] Direct measurement of the interaction between self-assembled hydrophobic surfactant monolayers deposited on mica surfaces was first reported by Israelachvili and Pashley in 1982, 3 revealed that the hydrophobic interaction has a magnitude that is stronger than the attractive van der Waals (VDW) force and decays exponentially with a characteristic length of about 1 nm.
Since then, much work has been done to measure the hydrophobic interaction between mica and silica surfaces that have been hydrophobized by adsorbed or chemically bonded layers of organic molecules. [16] [17] [18] [19] [20] The range of the hydrophobic interaction has been reported to vary from a few nanometers, which is normally considered as the "true hydrophobic force", up to hundreds of nanometers, that has been attributed to electrostatic interaction due to charged patches or capillary bridging due to interfacial nanobubbles. [21] [22] [23] [24] [25] [26] The presence of interfacial sub-microscopic nanobubbles is believed to be one of the major origins of long-range attraction between two 4 hydrophobic surfaces [21] [22] [23] [24] [25] [26] [27] and long-range repulsion between hydrophobic surface and hydrophilic surface. 28 Therefore, understanding the interaction mechanism between air bubbles and hydrophobic surfaces is important for elucidating the roles of nanobubbles and dissolved gases in hydrophobic interaction and its origin. 29 The interaction between a large sessile air bubble on a substrate and a small solid spherical particle was measured with the atomic force microscope (AFM) using the colloidal probe technique in the 1990's, [30] [31] . The zero separation reference was deduced initially by treating the deformation of air bubble as a Hookean spring with an effective spring constant equal to surface tension of water, although there have been subsequent refinements. [32] [33] [34] [35] [36] [37] [38] The Surface Forces Apparatus (SFA) was also been modified to measure the interaction force between an air bubble and a mica surface. [39] [40] Recently, the AFM bubble probe method was developed and applied to investigate the interactions between two air bubbles and between an air bubble and hydrophilic surfaces (e.g. bare silica, and mica surfaces). The interaction forces were successfully interpreted by theoretical modeling, 32, [35] [36] [37] [38] [41] [42] and it was shown that the repulsive VDW force could successfully prohibit bubble attachment onto these hydrophilic surfaces. 41 Very recently, hydrophobic interaction between two oil drops was measured and a short-ranged attraction was reported. 43 Short-ranged hydrophobic attraction was also observed between oil and bubble in aqueous solution. 44 In this work, we report results of bubble probe AFM measurements of the interaction between an air bubble and mica surfaces that have been hydrophobized to different degrees in 0.5 M NaNO 3 solution. A theoretical model was applied to fit the force profiles under quasi-equilibrium conditions and was then used to predict the interactions under other hydrodynamic conditions.
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The results provide new insights into the basic understanding of the effects of air bubbles and dissolved gases in hydrophobic interaction and the origin of hydrophobic interactions.
Experimental Methods and Theoretical Model

AFM measurement
High-purity sodium nitrate (NaNO 3 ) was used as received (Sigma Aldrich, USA). The aqueous solution was prepared with Milli-Q water (Millipore deionized) with a resistance of ≥ 18.2 MΩ·cm. A MPF-3D AFM (Asylum Research, Santa Barbara, CA) mounted on a Nikon Ti-U inverted microscope was applied for the force measurements. A typical schematic of the experimental setup for measuring the interaction between an air bubble and a solid surface using the AFM is shown in Figure 1A . The interaction force is directly measured directly by monitoring the deflection of the cantilever by detecting the position of a laser beam reflected from the cantilever on a photodiode detector. Controlled variations of the actual position of the cantilever, X(t), with time t, during a force measurement is measured and recorded with a linear variable differential transformer (LVDT) that is an integral part of the AFM. The corresponding interaction force F(t) between the air bubble and the solid surface is also recorded. The thickness, h(r, t), of the axisymmetric film between the air bubble and solid surface is calculated from a theoretical model (see section 2.3), where r is the radial coordinate.
Before measurements, the glass disk of an AFM fluid cell was treated in 10 mM OTS in toluene solution for 10 s to give a water contact angle of ~ 50° for better bubble immobilization.
Air bubbles were carefully injected into the AFM fluid cell filled with 0.5 M NaNO 3 solution using a custom-made ultra-sharp glass pipette. Custom-made rectangular silicon AFM cantilevers (400 × 70 × 2 μm) with a circular patch of gold (diameter 65 μm, thickness 30 nm) 6 were used for anchoring the bubble securely on the cantilever. The gold patch was hydrophobized in 10 mM dedcanethiol overnight to form a hydrophobic area favorable for bubble attachment. The spring constants of the cantilevers were measured to be 0.3-0.4 N/m using the Hutter and Bechhoefer method. 24 A typical bubble probe was made by bringing down the cantilever to contact with a bubble of suitable size on the substrate and then carefully lifting the cantilever up. A picture of a prepared AFM bubble probe with bubble radius of 65 µm is shown in Figure 1B . quasi-equilibrium condition with negligible hydrodynamic interaction. The effects of hydrodynamic interaction were then investigated at higher velocities (10-30 µm/s).
Hydrophobization of mica surfaces
Mica surfaces were hydrophobized through a vapor deposition process.
Octadecyltrichlorosilane (OTS, ACROS Organics) was used as received. The freshly cleaved mica was exposed to OTS vapor for different durations at room temperature (23 °C) to achieve varying degrees of surface hydrophobicity characterized by different water contact angles c  , denoted as mica-OTS-45 ( c  =45°) and mica-OTS-85 ( c  =85°) as shown in Figure 1C and 1D, respectively. The hydrophobized mica surfaces were washed with toluene, ethanol and Milli-Q water sequentially before being used for force measurements. The morphology of the hydrophobized mica surfaces was investigated by AFM tapping mode imaging. Both surfaces show very low root mean square roughness ~0.3 nm (see Supporting Information).
Theoretical model
The Stokes-Reynolds-Young-Laplace model is applied to describe the bubble-substrate interaction, taking into account the deformation of air bubble, which has been successfully applied to describe various cases of interaction involving air bubbles or oil drops. 32, 35-38, 42-43, 45 The thinning behavior of h(r,t) between the air bubble and solid surface is described by the Reynolds lubrication theory with immobile boundary conditions at air/water and water/substrate interfaces as 36, 41-42, 46-55
where µ is the viscosity of water, p(r,t) is the excess hydrodynamic pressure relative to the bulk solution. It is noted that the interface between hydrophilic mica and water is generally believed to be immobile, while immobile boundary condition has also been observed between smooth hydrophobic surface and water. 55 The tangentially immobile or no-slip hydrodynamic boundary conditions were applied for air/water interface because recent experimental results on thin film drainage and AFM force measurements involving air bubbles support and agree with this boundary condition, and as we shall see, this boundary condition also gives predictions that agree well with our experimental data in this work. 36, [41] [42] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] In fact, theoretical predictions with a slip boundary condition would lead to much smaller hydrodynamic repulsion and early bubble attachment onto the solid surface (see Figure S2 in Supporting Information). The immobile boundary condition at air/water interface is believed to result from trace amount of airborne surface active impurity that is always present even under careful laboratory conditions, [48] [49] [50] [51] which has been known to arrest boundary mobility even though the reduction the interfacial tension by such trace impurities can be as small as 0.1 mN/m or less, [48] [49] The effect of ion redistribution near the air water interface in concentrated salt solution has also been suggested as the cause of interfacial immobility. 46 Deformation of air bubble during interaction due to hydrodynamic pressure and disjoining pressure is described by the augmented Young-Laplace equation as
where  is the water-air interfacial tension, R 0 is the bubble radius, and Π(h(r,t)) is the disjoining pressure that includes the contributions of surface forces such as van der Waals (VDW) and electric double layer interactions.
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The interaction force F(t) is theoretically calculated by integrating excess hydrodynamic pressure p(r,t) and disjoining pressure Π(h(r,t)) as shown in Equation (3). The disjoining pressure between two flat surfaces (see Section 2.4) was used here for integration to calculate the overall interaction force between bubble and substrate surface based on an approach similar to the Derjaguin approximation (for calculating the interaction forces between two bodies of arbitrary shapes in terms of the disjoining pressure between two flat surfaces).
The force F(t) is calculated using the expression
by integrating over the interval 0≤r≤r max , where most of the contribution to the interaction force F is included, as reported previously. 35-38, 41-42, 45, 52 The value, r max was chosen to be large enough so that small change in r max has negligible effect on the calculated interaction force F. [35] [36] [37] [38] 45 The boundary condition at r = 0 follows symmetry considerations:
Considering the incompressible volume of the air bubble during interaction and the air bubble is anchored on the tipless cantilever with a pinned contact area, the boundary condition at r = r max takes the form 35-38, 42, 45, 52 max max
where X(t) is the position of the cantilever as shown in Figure 1A , K is the spring constant of the cantilever, θ is the contact angle of the air bubble on cantilever. Since the bubble is constrained on the hydrophobized circular gold patch with known radius r gold on the cantilever, pinned threephase contact line is applied here, and θ can be calculated based on equation . [35] [36] [37] [38] 56 The initial condition for the film thickness is derived from the undeformed bubble profile, taking the form 2 00
where h 0 is the initial central separation between the air bubble and the substrate. The h 0 can be theoretically fitted, 35-38, 41-42, 52 and its validity has been verified with independent measurement by AFM-integrated confocal microscopy. 57 All the equations above are first non-dimensionalized with
is the capillary number, and then are solved numerically after central difference discretization in r with MATLAB. More details of the numerical method can be found in previous reports. [35] [36] [37] [38] 
Components of the disjoining pressure
As shown in Equation (2), the overall interaction force is an integral of the excess hydrodynamic pressure p(r,t) and disjoining pressure Π(h(r,t)) in the interaction region.
Therefore, equations for the surface interactions that contribute to Π(h(r,t)) are needed in the theoretical calculations. In this work, the bubble-substrate interactions were investigated in concentrated 0.5 M NaNO 3 solution, therefore the electrical double layer interaction was significantly compressed and its contribution Π ED (h(r,t)) to Π (h(r,t) ) was negligible. The disjoining pressure due to VDW interaction Π VDW (h(r,t)) is calculated by applying the full Lifshitz theory, 58 which includes the electromagnetic retardation effect. Denoting the air bubble, substrate surface and aqueous solution as 1, 2 and 3 respectively, Π VDW (h(r,t)) is calculated as: 3 ( ( , )) ( ( , )) 6 ( , ) The dielectric permittivity of mica substrate was constructed using Cauchy plot with data from Anita et al. 60 The zero frequency (n = 0) term in Eq. (6) has been omitted due to screening at high salt concentration. The calculated Hamaker function and disjoining pressure can be found in supporting information.
For the contribution of hydrophobic interaction to the disjoining pressure, denoted as 
where C is a constant (with unit N/m) and D 0 is a characteristic decay length. From thermodynamic consideration, the interaction energy per unit area of two planar half-spaces in water should approach their work of adhesion, as the separation D decreases to 0. Therefore the constant C is given by
where "1", "2" and "3" refer to air, surface and aqueous solution, respectively. According to Young's equation  12 =   +  13 cosθ c , where θ c is the water contact angle on the surface, so the constant C can be expressed as C = 2π 13 (1 -cosθ c ) .
Therefore, the total disjoining pressure Π (h(r,t) ) is given by Equation Eq (10), in which Π ED (h(r,t)) is negligible due to the significantly suppressed electrical double layer interaction:
Results and Discussion
Interaction between air bubble and hydrophilic mica surface
The interaction between the bubble and a hydrophilic mica surface was investigated under low velocity (0.1 µm/s) in a quasi-equilibrium state with negligible hydrodynamic interaction in order to understand the effects of surface forces. For hydrophilic mica surface, the VDW interaction calculated based on the full Lifshitz model 58 is repulsive at all separations, implying that a stable thin water film will be maintained between the air bubble and the hydrophilic mica Figure 2A demonstrate that the DLVO model is sufficient to describe the surface interaction between bubble and hydrophilic mica in water and the repulsive VDW force is strong enough to inhibit bubble attachment to bare mica. To model the interaction processes, the surface forces involved are first analyzed. As reported previously, the thickness of coated self-assembled OTS layer is less than 1 nm, and the effects of the OTS coating on VDW interaction can be neglected at surface separation D≥2 nm. 1, 61 Therefore, in this work, the VDW interaction is taken to be that of the air-water-mica system, which is repulsive at any separation as described above. As the experiments were conducted in 0.5 M NaNO 3 solution, the electrical double layer was strongly suppressed and the electrical double layer interaction could be neglected in this system. An attractive interaction, namely hydrophobic interaction, Eq. (7) to (9) , was added to the classical DLVO model to account for interaction with the hydrophobized mica. The observed "jump in" behavior of the air bubble onto mica surfaces of different hydrophobicity can be accounted for by this additional term. Equations (7) to (9) and mica-OTS-85, respectively. Figure 3B and 3E show the theoretical fitting results (solid curves) and the insets show the calculated bubble profile right before bubble attachment. The calculated bubble shape in the inset of Figure 3B shows that the center region of the bubble is more strongly attracted to the mica-OTS-45 surface due to the attractive hydrophobic interaction, and the minimum water film thickness h min before the "jump in" was calculated to be 7.5 nm.
Interaction between air bubble and hydrophobized mica surface
The calculated disjoining pressure for the mica-OTS-45 case is also shown in Figure 3C , which clearly indicates that hydrophobic interaction plays the most critical role in bubble attachment to the hydrophobized mica surface. Similar results for the mica-OTS-85 are shown in Figures 3E and 3F, in which the constant C was taken as 0.41 N/m, and the decay length D 0 was fitted to be 1.0±0.1 nm, and the critical film thickness h min was calculated to be ~10 nm. It is also evident from Figure 3C and 3F, h min is the critical distance where the overall disjoining pressure just 17 exceeds the Laplace pressure of the bubble. The calculated disjoining pressure profiles also clearly show that the hydrophobic attraction between bubble and mica-OTS-85 decays slower and is stronger than that of mica-OTS-45, consistent with the fact that mica-OTS-85 has a larger water contact angle of 85° as compared to 45° of mica-OTS-45. Figure 4B shows similar results with the same velocity but a larger maximum normal load of 50 nN. In both cases, the motion of the cantilever was changed from approach to retract after reaching the maximum load. In contrast, the results in Figure 4C correspond to the case that the air bubble first approached mica-OTS-85 surface at 10 µm/s and was then stopped after reaching the maximum normal load of 8 nN. It is evident from the Figure 4 that all the theoretical predictions with the thermodynamically determined constant C and fitted D 0 at the quasi-equilibrium state agree very well with the experiment results at higher velocities. In Figure 4A the higher velocity 30 μm/s (as compared to 0.1 µm/s in Figure   3C ) leads to stronger hydrodynamic repulsion that prevented the water film from draining to the thickness where hydrophobic interaction dominates, and thus no attachment is observed. The inset in Figure 4A shows the bubble profile when the separation is at its minimum, and the h min is calculated to be 20 nm, where the hydrophobic force is too weak to induce water film rupture. It should be noted that the minimal separation is achieved not at maximum force load, but at some point during retraction, indicated by the arrow in Figure 4A , which is due to the hydrodynamic "suction" effect. 17, 18 For Figure 4B , with the increased maximum load of 50 nN, the extent of bubble deformation is larger that traps a larger water film between the bubble and the hydrophobized mica surface. Interestingly, attachment does not occur during approach but during retraction of the bubble due to the hydrodynamic suction effect that draws the bubble closer to the mica surface and within range of the hydrophobic attraction that causes rupture of the water film. The bubble also exhibits a "dimple" shape as shown in the inset of Figure 4B , indicating that the thinnest part of the water film locates at a rim region near center (~10 nm) before attachment. In Figure 4C upon stopping the cantilever (and bubble), the hydrodynamic repulsion releases quickly (< 0.02 s) and the water film continues to drain which leads to the bubble attachment (with a similar bubble profile as that in Figure 3c with a nominal velocity of 0.1 µm/s).
Effects of hydrodynamic conditions
To better understand the formation of the dimple in Figure 4B , the evolutions of thin film thickness and excess hydrodynamic pressure are shown in 
Implications on the hydrophobic interaction
Although hydrophobic interaction has been investigated for decades, the exact physical origin and mechanism of hydrophobic interaction is still under debate. It is commonly believed that the hydrophobic interaction should be related to the loss of hydrogen bonding between water molecules near hydrophobic surface and thus increases entropy. Our experiment, for the first time, measured the hydrophobic interaction in an asymmetric system (viz. a deformable air bubble and a hydrophobic solid surface), which is inherently different from that of symmetric interaction between solid surfaces or droplets. 32, 35-36, 38, 42 The measured strength and decay length of the hydrophobic interaction (0.8-1 nm) agrees well with the previously reported decay lengths for solid surfaces, indicating the exponential model of hydrophobic interaction, originally measured between solid surfaces, could be applicable to interactions between an air bubble and a hydrophobic solid substrate. However, it is noted that the decay length (0.8-1 nm) in this work is larger than that measured between two oil drops (~0.3 nm). Such disagreement might indicate different mechanisms of hydrophobic interaction at solid/water, air/water and oil/water interfaces.
The shorter decay length of ~0.3 nm possibly results from short-ranged water correlations at the oil/water or air/water interface, while the disruption of long-ranged dipolar, hydrogen bonding network and proton-hopping correlation at solid/water interface could attribute to the longer decay length of ~1 nm. [14] [15] Therefore, when an air bubble interacts with a hydrophobic solid surface, the hydrophobic interaction could be dominated by the one with a longer decay length. It is also noted that our results show the hydrophobic interaction is significant for a partially hydrophobic surface with contact angle <90° (for hydrophobic bubble attachment) and the hydrophobic interaction decreases with decreasing surface hydrophobicity.
The measured hydrophobic attraction between air bubble and hydrophobic solid surface also provide thermodynamic implications for existence of air bubble on a hydrophobic surface, the VDW force between which is generally repulsive in water. The surface immobilized nano and micro bubbles, which could form "externally" due to trapped air when contacting with water or "internally" from the water-dissolved gas, could attribute to the reported long-range hydrophobic interaction between two solid surfaces. 17, 22, 24, 28 
Conclusions
By directly probing the interaction force between air bubbles and hydrophobized mica surfaces in 0.5 M NaNO 3 solution, we demonstrate the important roles of hydrophobic interaction and hydrodynamic conditions in bubble attachment to substrate surfaces for the first time. No bubble attachment was observed for bare hydrophilic mica but attachment behaviors and attraction with an exponential decay length of 0.8-1.0 nm were observed between air bubble and partially hydrophobized mica with water contact angles varied from 45° to 85°. The strength of hydrophobic interaction increases with an increase in water contact angle of the substrate. For a fixed hydrophobized mica surface, hydrodynamic interaction appears stronger with increasing the bubble velocity, and bubble attachment can occur during bubble retraction instead of approach due to hydrodynamic suction effect. Our results provide valuable information for a better understanding of the hydrophobic interaction and show implications in various applications where bubbles are involved such as mineral flotation.
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